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Abstract—The results of theoretical and experimental investigations on activation of small molecules on
their coordination to cluster complexes of heavy transition metals with weak- and strong-field ligands are
presented. Homogeneous catalytic redox reactions of the GCHJD molecules and the ]Nmolecular anion

in the presence of cluster complexes of low-valent molybdenum and rhenium are studies. The reaction me-
chanism is established. Three modifications of the homogeneous cluster catalysis of redox reactions of small
molecules are described.

INTRODUCTION transfers mutually facilitate each other (synergistic
effect) and, above all, restrict or even prevent deve-
The subject of the article is a phenomenon intriguiopment of unrealisticaly high electrostatic charges on
ing by its simplicity, elegance, and purposefulness andtoms composing interacting molecular systems,
very interesting practically in terms of organization ofin full agreement with the known Pauling electro-
technological processes and cognizing vital functionseutrality principle.
The case in point is activation of small molecules on
their coordination to cluster complexes (M) of ELECTRONIC ACTIVATION EFFECTS.
heavy transition (4, 5d) metals with strong- and THEORETICAL MODEL
weak-field ligands. Small molecules are implied as
molecules and molecular ions consisting of two, three
or four atoms each containing small number of elec-
trons, such as CO, N H,O, HCN, O, CGO,, C,H,,
CN°, or Ns.

A theoretical model was developed [1, 2] to des-
Ceribe the electronic rearrangement of small molecules
on their coordination to transition metal atoms M. A
parameter measuring the activating action in this
model is the electron density redistribution on the
onoracceptor interactions S accompanying co-
rdination of a small molecule S to a coordinating and,
§imultaneously, activating center K.

Activation, as decrease in the total energy of bondg
of a molecule on its coordination to a certain center
is a consequence of electronic rearrangement of the
molecule. Orbital interactions between a molecule and First of all, it was established what properties (elec-
a coordinating center generally involve frontier, i.e.tron-donor or electron acceptor) of center K and
highest occupied and lowest unoccupied, moleculanolecule S should be preferred for effective activation
orbitals (HOMO and LUMO). These interactions areof the molecule. Phenomenological concepts are rather
electron-donor and electron-acceptor in their naturerivial. If there are low-lying vacant antibonding
Coordination-induced electronic effects reflect elecx’ MOs in the electronic structure of molecule S, the
tron charge transfer from the molecule to the coordiactivation is based on the-acceptor ability of S and
nating center and back, depending on characteristiesdonor ability of K (K-ne—S), i.e. the destabiliza-
of interacting orbitals. The following statement istion of S in mostly contributed by vacant antibonding
evident: decrease in the total bond energy f a moles MOs of the latter. If, however, S lacks such
cule and, therefore, activation of the molecule by itst’ MOs and its highest occupied bonding orbitals are
coordination to a coordinating center strengthens, as MOs, the activation is based on tleedonor ability
the electron population of occupied bonding MOsof S andc-acceptor ability of K (k—ce-S), i.e. the
decreases in the course of electron charge transfdestabilization of S is mostly contributed by its oc-
from these MOs to orbitals of the coordinating centercupied bondings MOs. However, abundant evidence
and population of vacant (in an isolated molecule)s available showing that even is there are no energe-
antibonding MOs in the course of electron chargdically suitable vacantc MOs in the electronic struc-
transfer to these MOs from orbitals of the coordinatture of S and vacant” MOs have high energies (ty-
ing center. These, opposit@&-direction;” electron pically higher than the vacuum level), the molecule is
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activated by accepting electrons on its vacant antiean be described in terms of the first-order perturba-
bondings" MOs from the coordinating donor center tion theory:
(K-oe—>9S).

To resolve this alternative, the mechanism of bon
activation in diatomic molecules XY by transition
metal atoms M considered, in terms of the simple MO Q" = [3*2/(8* — &), reflexes the electron transfersX.,,
LCAO theory in the frontier orbital approximation. (2:0).

The valent electronic structure of XY is described by
a bonding and an antibonding MOs®fand/orz type:  where g, is the energy of valent AOs of M.

q Q B /(s,\,I - g), reflexes the electron transfes{X,
0:2

= [2(1 + 912y + 7). ¢ = [2(1 = SIY2(11 — 1) From here
with relative energies QIQ = B2y - e)PAe" - ey).
g(@) = o + A ande’(p) = o — A", Accounting for
whereA = (B —aS)/(1 +9 andA” = (B - a9/(1- S); B2/p2 = A'IA = (o0 - &) - ),

a, B, andS are the Coulomb, resonance, and overlap
integrals, respectively; ang; and y, are the valent
orbitals of atoms X and Y

we obtain

QIQ = (v — &gy - &)l — W) - gy)

The molecular orbitalsp and ¢~ are unsymmetri-
cally split with respect to the energy of the corres- or
ponding atomic orbitalg, andy,: ¢ is heigh-tened
stronger thare lowered; indeedA’/A = (1 + 9/(1 - Q/Q
S >1, sinceS>0.

- e - gle — W)E - gy).

: : If € >octhen(3—8)/(8—oc)>1(8 —a)lE —
If molecule XY is coordinated to atom M of the M M
activator with formation of a linear fragment-®-Y S’V') >1, and, totally Q'/Q > 1 atey > o; by contrast,
of local symmetryC,,, then ¢ and ¢ can interact Q/Q < 1atey < a
with correspondings and/or = orbitals of atom M. Typically, the energies,, of valent orbitals of
Three-center interactions MY can be described atoms M are higher than the energef valent or-
through matrix elements of two-center interactionditals of atoms X and Y, constituting molecule XY,
M-X and M-Y: i.e. &y > a. For this reason, one can conclude that the
antibonding¢™ states of XY contribute most to the

B=CmlH|e) =12 + 91 ™Y H ) + v |[H | x2),  stabilization energy of MXY and, therefore, to the
x_ o 12 destabilization energy of XY. This situation most
B"=Cuna [H 05 =121 914 Cupa [ H [ 10) = Gam [ H 22> frequenly arises when XY coordinates to atoms M

mcorporated into cluster complexes of transition

i i i ween th noncon in
atosn:gcﬁ/l alrrllée:?e;locr:)n s?gerael;el Wé aeker t(r)1 a%obfea;\(/:\;[e eqr‘]netals since atoms M in clusters are in low oxidation
y states and contain, as rule, several electrons on their

the neighboring atoms M and X, then: valent d orbitals, and, over all, are characterized by
essentially heightened energies of HOMOs [3]. If XY
coordinates to transition metal complexes Muith
high oxidition states of M and, as a consequence, with
reduced energies of valent orbitals of the latter (up to
gy < a), as well as a lowd-electron population and
with many vacand AOs, the stabilization energy of
M-XY is mostly contributed by the bonding MOs

Further, the interaction MXY is much weaker of XY. .
than the bond energy in XY (SMK << SX-Y) and Thus, vacant antibonding states of or =" type
can be considered as a bonding perturbation in moleften contribute most to the activation both of tradi-
cule XY. Therefore, the contribution® andQ" to the  tional acceptors S with low-lying vacant MOs, and
energy of the interaction MKY from the occupied traditional donors S with high-lying vacanf MOs.
bonding¢ and the vacant antibonding MOs of XY At least in the case of cluster complexes of transition

GmlH 2D >> Gy [H 72>
(since in the limit (yy |[H |7 = 0)

and, therefore,

B2Ip2 = (1 + /(1 - 9 or B2/p2 = A'/A.
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ACTIVATION OF SMALL MOLECULES BY CLUSTER COMPLEXES 525

metals, the activation of multiple bonds in smallexample, in F§CO)Br,]. In addition, to really and
molecules XY with closed shells, on their coordina-purposively increase the reactivity of a molecule to be
tion with cluster atoms M, is mainly produced by coordinated may require different electron charge
filling earlier vacant antibondingg and/orz MOs. transfers. For example, the transfer & S is im-
Naturally, a certain contribution comes from decreasportant for activation of coordinated CO molecule in
ing electron population of highest occupied bondingts reactions with electrophiles. At the same time, the
MOs (synergistic effect). transfer K <« S, enhancing the electrophilicity of
Thus, the description of election-donor and elec? CoES 10 e, S L o e with
tron-acceptor interactions between a center and ﬁlu cleophiles y

coordinated molecule, within the frames of the valen P '

approximation of the MO theory and the perturbation Below are summarized the results of theoretical
theory allows one to compare the contributions to thand experimental investigations of activation of
energy of the KS interaction from bonding and CO, N,, H,0, and N molecules mainly by molyb-
antibonding frontier MOs of S and to gain insight intodenum clusters.

the nature of the attendant redistribution of valent
: S : ACTIVATION OF SMALL MOLECULES
electron density. The dominating process is two-elec- ON COORDINATION TO ATOMS M

tron transfer from the center to the coordinate
molecule. Such electron pair is often delocalized ovcﬂrj\| CLUSTERS. THEORY OF DELOCALIZED MO
two or several atoms M of the cluster complex and is Potential energy surface for interaction of ag N
essentially destabilized as compared with the unsharedolecule with a Mg binuclear cluster was calculated
electron pair of a free atom M. Many-electron (forfor various linear and nonlinear geometric configura-
example, four-electron) transfers are also possibletions and by varying all (NN, Mo-Mo, Mo-N) inter-

A decisive factor of the activation of S is electronic nuclear distances over a wide range [4]. The calcula-

donor-acceptor interactions between activator K anéion results show that effective electron interactions
coordinated molecule S. The activation of a smalfams‘e A/vhenhthehdlatorr]nlcf_partlcll?szl\and hMOZ ap- |
molecule XY (destabilization of the multiple bond proach each other (the first valley on the potentia

X-Y) is mainly caused by electron transfer from theS"er9y surface) at a distance of 2108 A only at a

activator to vacant antibonding MOs of the moleculefeiig:?odrﬁglar r(r)r:jut: alF?”eT)at'?.r&%efszQiTg tré/le(():f_
coordinated to atoms M, i.e. by filling vacant anti- groups, 9. ).

bonding MOs with valent electrons. From this atron interactions show up in displacement of the elec-

simple and useful conclusion follows: The electronictron density from the MeMo bond (highly multiple,

(most frequently,z-type) factors most favorable for m?ﬁg¥-§|§§tté?nm V\;Ittgc%l:fib%%i?] C?\Amggré?r{fe'&é?;
activation of small molecules are the preferential % 9

" ule N,. A saddle arises on the potential energy sur-
acceptor ability of substrate molecule S and the don ,
ability of coordinating center K. O?ace, N, and Mo, stop to approach each other, and the

N-N bond begins to strongly lengthen (second
The proposed model is simple and has led to aalley on the potential energy surface) to attain values
simple and even expected conclusion. However, thisonsiderably exceeding those characteristic of an even
conclusion is now theoretically correct and can beaveak single interaction NN. This implies an almost
used for searching for optimal activators and catalystsomplete NN bond cleavage. The calculated potential
(among transition metal compounds) for a certairenergy surface allowed estimation of activation energy
chemical reaction involving small molecules. (E,) for the cleavage of the molecule,Nn its inter-

ction with the binuclear molybdenum cluster Mo
To makg the deygloped concepts more ComIOIet%igure 2 represents the cross section of the potential
and more rigorous, it is reasonable to add the follow-

ing. Generally, coordination-induced redistribution ofSNergy surface along the reaction coordinate. The

. . . activation energy is estimated at 40 kJ, which is too
Getermined by several factors. Ons of the main fagtofQ compared with the-dissociation energy of the
' ﬁlple bond (953 kJ) in a free nonexute&ZQ N,

is the formal valency of the coordinating atom. As A olecule
rule, the redistribution of type K-> S prevails in '

cluster complexes of formally zero-valent transition Quantum-chemical calculations of the electronic
metals with strong-field ligands [for example, structure of the model complex [MBlg(N,)]*>" in the
Co,(CO)g]. The redistribution of type K« S can spiro form (with symmetryC,, completely analogous
dominate at increased oxidation degrees and, therefote,represented in Fig. 1) with varied-N and Mo-N
enhanced acceptor properties of atoms M [as, fanternuclear distances were performed in [4]. Analysis
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E, eV [Mo---Ny]
205
Ea
Mos + No Mo
210 N N
Mo
Reaction coordinate
Fig. 1. Geometry of the tetraatomic group [MieN,]. Fig. 2. Energy profile for the reaction of Nwith Mo,.

of the resulting energies and electron populations of When activated with binuclear di-oxomolyb-
MOs of N-N, Mo-N, and Me-Mo showed that the denum clusters, carbon monoxide transforms to for-
coordination of the nitrogen molecule to the stereomaldehyde in aqueous solutions [5]:

chemically open cluster [Mé@lg] gives rise to a

considerable destabilization of,Nust in this non- 2CO + HLO ——> HCOH + CO,.

linear geometry because of the effective pumping of

electron density from the initially multiple (triple, To ascertain the reaction mechanism, the potential
six-electron) MeMo bond of the cluster to antibond- energy surface of the reaction of CO and(Hmole-

ing = MOs of N, with simultaneously decreasing cules in the coordlnatlon sphere of catalytically active
electron population and multiplicity of the MMo  [Mo)' O,(H,0)g** was calculated and analyzed [5].
bond and arising MeN o interaction. By contrast, As based on the results of quantum-chemical calcula-
N, is much destabilized in the binuclear complextions, the mechanism of this reaction can be represen-
[(P,C)Re(N,)Mo(OCl,)] with a linear ReN-N-Mo  ted as follows. The CO molecule coordinates to the
group. In the electronic structure of this complex,cluster via inner-sphere replacement of ongOH
quite a strong multiple (practically triple as in a freemolecule (Fig. 3, point2):

N, molecule) N-N bond is preserved, with dominating v co "

n, and =, contributions and with an only slightly  [Mo; OZ(HZO)S]‘“W[MOZ 0,(H,0);COJ*.
weakened o interaction. The preservation of the e

fragment N in this complex is explained by a weak

interaction of valent electrons of atoms M (Mo, Re) The electron density of the double ¢ =) cluster
with vacant antibonding orbitals of N Thus, com- bond Mo-Mo is effectively displaced to antlbondlng
parison of the electronic structures of the two calw® MOs of the CO molecule, and the CO group is
culated binuclear complexes of heavy transitiordestabilized. Then the CO group and this-H,O
metals with molecular nitrogen reveals principal dif-molecule pass to bridging positions. The originally
ferences in the character of electronic interactions gblanar central MgO, fragment is distorted. The -

the N, molecule with two atoms M in these com- bonds in the HO molecule are stretched. Hydrogen
plexes in response to two interrelated factors, namelygtoms occupy coordination sites originally oc-
the way of coordination of the Nmolecule in the cupied by the HO and CO molecules. All these steps
complex with respect to the two M atoms and thelead to the main energy barrier and to appearance of a
presence or absence of an-M bond in the complex [Mo2 OZ(HZO)7CO]4+ transition complex (Fig. 3,
(i.e. in reponse to the cluster effect). The Molecule point 3). On formation of the bridging bond
is strongly destabilized only if it coordinates to aM-CO-M (including oc-donor andr-acceptor interac-
cluster with a multiple, many-electron-NM bond in a tions) in this complex, the electron density of the
nonlinear geometry, i.e. in the spiro form. By contrastM-M bond is displaced to the CO group, resulting in
N, remains almost inactivated when it linearly co-further effective destabilization of the two-center
ordinates to a binuclear complex with no-M bond. M-M and G-O bonds. Further on, two M&1 bonds
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begin to form in the transition complex. Simultane-

ously, both OH bonds in the bridging kO molecule £, eV
are weakened, a bond arises between one O atom of 1862
this H,O molecule and the carbonyl C atom to form 3
still a nonlinear CQ group, the MM bond is cleaved
completely, and both MC bonds begin to disappear. 1863
Finally, translation and removal of the G@olecule

occur, restoration of the MM bond, and formation of 1864
a [MoyO,(H,0)s(H),]** binuclear hydride cluster: a

-

[Mo20z(H20)7COT** —z—> M0 Oz(H20)e(H)1*" 1865

This is the first stage CO + JO® + K = CO, + 1866
K(H),. After this, the hydride cluster interacts, by its
HOMO, with a second CO molecule. This HOMO, 2
with an energy of about10 eV, corresponds to the 1867 .
interaction M-M, its electron density is concentrated M%f’H by
just between hydride H atoms and is accessible for - _
attack of the second CO molecule with the resulting Reaction coordinate
two-electron reduction of carbon monoxide to for-

maldehyde and relaxation of the cluster catalyst:  Fig. 3. Energy profile for the reaction CO +J® along
the reaction coordinate and variation in the population

T
e

[MoY Ox(H20)s(H)2]4* £2H95 IMo Y O,(H,0)g]*+. of O-H and Mo-H bonds near the activation barrier.
—-HCOH The dash line shows possible local barriers for intra-

spherical replacement of J® by CO in the cluster ca-
talyst and for removal of CQ (1) [MOIZ\/OZ(H20)8]4+ +
CO; (2) [MoYY O,(H,0),COI** + H,0; (3) Transition
complex [MdyY O5(H,0),COI** + H,0; and @) [MoY -
O,(H,0)5(H),]*4* + CO, + H,0.

This is the second stage CO + K¢H#) HCOH + K,
and, as a whole, 2CO +J@ = HCOH + CQ. The
second stage can be different and involve hydrolysis
of the intermediate hydride cluster with removal of a
hydrogen molecule, subsequent coordination of two
Bzgc?\,ﬂegﬂse@fﬂ?ﬁf C:O\ﬁir)iopz,th:ngjltg ;af,ilmll(fl' The coordination-induced electron density redistri-

CO + H,0 = CO, + H,. Therefore, the reduction of bution in a molecule (i.e. changed electron distribu-

CO to formaldehyde is always accompanied by cont-'on’ new values of orbital populations, and, as a

. , : : whole, electronic rearrangement) leads to appearance
version of water gas, including the same first stage. of a non-zero deforming force in the symmetrized

ACTIVATION OF SMALL MOLECULES directionQ,: F, = Z,Ag; f.# 0. This force changes the
ON COORDINATION TO ATOMS M nuclear configuration of the coordinating molecule
IN CLUSTERS. ONE-PARAMETER VARIANT as compared with the equilibrium nuclear con-
OF THE VIBRONIC THEORY OF ACTIVATION figuration of the free molecule, increases internuclear
distances, and decreases force constants. All these
effects decrease the activation energies of reactions of
he coordinated molecule, reactions involving nuclear
isplacements in certain directions (regulated by the
mmetry of theith MO), and, as a whole, enhance
e reactivity of the coordinated molecule.

A cardinal moment of the vibronic theory of co-
ordination-induced activationis that vibronic effects
(nuclear displacements and, first of all, increase i
internuclear distances, decrease in force constants a
bond energies, decrease in activation energy, i.e. r&?
activity enhancement for certain mechanisms of re-
actions of coordinated molecule) are a consequence In the vibronic theory of activation, changes in the
of electronic rearrangements in coordinated moleculectivation energy are determined from theoretically
It their turn, the electronic rearrangements are causembmputed orbital vibronic constants of a coordinated
by the charge transfers produced by coordination afiatomic molecule and from its two experimental
the molecule to a coordinating center and, thereforgarameters, the equilibrium internuclear distariRe
by variations (increases or decreases) in the electr@nd the force constarK (or, which is the same, the
population of MOs of the molecule as compared withstretching vibration frequency). Herewith, the quan-
corresponding characteristics of the molecule in itg¢ities R and K (or v) are assumed to be independent.
free state [68]. In reality, these two quantities are not independent.
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Rigorously accounting for the interrelation betweennated to the Mn group in such a way that not only its
the force constant or the stretching vibration fre-atoms (C and O), but also the charge density of the
guency of a diatomic molecule and its internucleatpreviously triple & + 2x) C=0 bond turn to be bound
distanceK = f(R) or v = f(R), a one-parameter variant with several cluster atoms. For example, one of the
of the vibronic activation theory was developedmost effective activations is observed when CO co-
[9, 10]. In this variant, a decisive characteristic ofordinates flatways to a triangular Nigroup incorpo-
coordination-induced activation of a molecule, therated in the trinuclear cluster Na-CgHs)3(CO),. In
activation energyE, of a reaction involving this this case, the CO molecule is coordinated so that the
coordinated molecule, can be calculated using onlZ atom is located over the center of the triangulag Nb
one parameterK, v, or R. group, and the G0 bond is located over the middle

The calculation is based on dependences [7] inclu of one of the NbNb edges. Experimental data show

ing the activation energy of the same process invoIv-Tr?é ehtehrg é\'g gt??tl cmrtlh \t/rllbe ; ai}g?wnigrgshgn?: agé'gg[g)srgs
ing the free molecule, the force constants of the freé 9 9 _%:'

and coordinated molecule, the equilibrium internuc-cbOmloareol with the standard value 2170 tnito an
. : normally low value of 1330 cth and the force
lear distances of the free and coordinated moleculé O
and the ratio of the anharmonicity constants. Usin onstant of the ,bond decreases almost 3-fold,
the one-parameter variant of the vibronic théory of oM 19 to 7 mdynek. The same conclusions follow
oo . -2 .~from the results of calculations by methods of
activation, we calculated and described the activation. . , .
of several homonuclear and heteronuclear diatomi ibronic theory: Prac_tlcally both electrons are trans-
erred from the & orbital of the CO molecule to Nb

molecules on their coordination to atoms M in manyphe c bond disappears), 1.8 electrons are transferred

cluster complexes of transition metals. The mos . . ;
detail study concerned the vibronic activation of thetLoemége rﬁ?iegcrglgp (g)néh%fa?r:fotw;ngb?ng;bgﬁlnggt

CO molecule [9’ 10] with a_tripleo(+ 2m) six-electron disappears). With this, the multiplicity of the-O
C=0 bond having a very high energy (1070 kJ) and Pond decreases almost 3-fold (from triple to almost
very short internuclear dlstancg (1.142)_. For thls single), the bond energy becomessaimes lower, the
moolgc?gi’né?ne el_l%:'gl(g' !.f 0;# (;ag?::bgg olltlfl frﬁﬂtﬁg C-O internuclear distance steeply increases. All in all,
2r') and the grbital charge transfens| on t%em are it is clear that the destabilization of the CO molecule
- -harg . : . is so strong that one can say about its dissociation into
related by simple evident relationships reflecting th o weakly bound atoms (C and O). As shown by the
electron populations of theo5(2€) and - (0€) MOs above theoretical calculations, we deal here with a

in a free nonexcited CO molecule: rare case when an abnormally high activation of the

~2 < AQs, < 0, 0 <AGy, < 4, Ps. = 2 + Aqg,, coordinated molecule is caused by change in the ele-
ctron population of its not only frontier orbitals (one
Por = AQyy HOMO and one LUMO), but also of the second

occupied bonding @* orbital. From the latter MO,
a small fraction of electron charge is transferred to the
Nb; group, which additionally decreases the multi-
plicity and energy of the GO bond and enhances
destabilization of the coordinated CO molecule.
Herewith, however, the C and O atoms simultane-
ously form very strong bonds with cluster Nb atoms.
herefore, this is just that case when a very strong

On interaction of the molecule CO with atoms M
(on overlap of their valent orbitals), a certain fraction
of electron charge is transferred the bondirgGO)
MO to vacantoc orbitals of atoms M and, simultane-
ously, from occupiedr orbitals of atoms M to the
vacant antibonding# (CO) MO. The lowering of the
electron population of the bonding MO and the si-
tmhgltgggggﬁdri\%gkl\\ﬂt%nlggtﬁfetrcl:eoelrﬁgtlre%r:”gooprlfl?gog o(-) estabilization of coordinated molecule does not

P - —.enhance its reactivity: The CO group of the
ordination to atoms M steeply decrease the multlpll-Nb C.HOACOY. cluster fails to react with Hand
city and energy of the @ bond and increases the 3 5h5)3( )y cluster fails to react with bia
C-O internuclear distance as compared with a fre8°"'° other reagents.

CO molecule. CATALYTIC HOMOGENEOUS REACTIONS

Analysis of the resulting data allowed the follow- OF SMALL MOLECULES, ACTIVATED

ing conclusions [9, 10]. The activation of the CO BY CLUSTER COMPLEXES

molecule is mostly influenced by the way of its co- The activation of a molecule coordinated to a

ordination to the Mn group: terminal qr,-, pus-, or  cluster directly enhances the reactivity of the former

u,-bridging (in ascending order) or more complexand, in some cases, favor a reaction which turns to be
variants, when the diatomic molecule CO is coordi-completely catalytic, provided the cluster activator
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relaxes. If molecule S coordinates to one or severalll, with respect to electron-transfer redox cleavage of
atoms M of a cluster complex, there occurs weakeningmall molecules with especially strong multiple bonds:
or even rupture of strictly definite bonds in theN,, CO, NO, N;, NO", RNC, CN, RN,, RC=CR, etc.
coordinated molecule. In principle, this secures théctivation of these multiple bonds (for example, on
possibility of subsequent chemical transformation otheir two- or many-electron reduction) depends on the
the molecule, of its interaction with a reagent R:ndividuality of cluster complexes (number, nature
S + R — P (P is reaction product). The decisive@nd formal valency of M atoms in the Mn group, and
condition here is that the complex of molecule S withigand type), on the geometric and electronic structure
the cluster in strong enough in the sence that thef cluster complexes, on the type of coordination of

strength of bonding between the molecule (or itactivated molecule with the Mn group, and on other
fragments) and atoms M is high enough to form suchactors. Heterogeneous and homogeneous catalytic

a complex (otherwise, there will be no coordination):Liﬁxlgsggtgnfra%fsﬁirgslImrgglescgris klrr::)l\(/)lem'lghg#eﬁ:rre
M + S — MS, but not too high to produce critically P :

large values of the enthalpy and energy of activatio rEnly few homogeneous catalytic reactions, activated

. : : y cluster complexes, which have been investigated in
on the stage of interaction of the coordinated m0|eCU|8etaiI (including mechanisms)
with the given reagent: MS + R> P + M. '

I . N Using chromatographic methods, the reduction of
The activation of a molecule on its coordination t0.,4n “monoxide to formaldehyde in aqueous solu-
a cluster complex can be traced by the increasing intéf;ons under ordinary (mild) conditions 2CO +,8 —
nuclear distances and by the decreasing stretchingcon + CO, activated by binuclear cLi—oxochus-
vibration frequency and can be quantitatively descrijers of tetravalent molybdenum, was discovered and
bed in terms of various quantum-chemical approachestydied [5]. Simultaneously, the water gas conversion
the MO theory, the potential energy surface theory, oco + H,0 —» CO, + H, proceeds in this system. The
the vibronic theory. The occurrence of catalytic reactransformation of CO into formaldehyde under or-
tions is a directly observable consequence of theinary conditions has been realized for the first time.
activation under discussion. The catalytic ability ofThis is the discovery of a new and useful type of
cluster complexes of transition metals is especiallyedox CO cleavage, not related directly to known
pronounced in the case of redox reactions and, first dfischerTropsch catalytic CO conversions.

Scheme 1.
O
H H H H H H Il
O o O0— <=—C
o= O~/ WMo b
71N N /|\o/|\
q

ﬁ H ., CO ///O
H z-Cx Ha' + 15 K H,co  H_C_H
WH o R Mo%\
\M'ng( MG o/
/N0 | COo, K(H)5 co 7 |§87 I\
c/O
4
H H H__7OT_\\_H

o | i
\I/\ / -y \\./
MoZ-----2 Mo{ <«— 0 Mo
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Thus, the reactions ZCO(gas) + ,8(l) = di-u-oxo(hydroxo) clusters of low-valent molybdenum
CO,(gas) + HCOH(aq) AG° -12 kJ/mol) and [11-14].
CO(gas) + HO() = CO,(gas) + H(gas) AG° NS + BH; + H,0 — > NHy + N, + BO; + OH-

-20 kJ/mol), thermodynamically allowed but not
realizable under ordinary conditions, proceed fast in The azide anion N has a linear geometry and a
the presence of the binuclear cluster Q(/@z(HZO)g] hypervalent electronic structure with two two-center
and are really catalytic (the theoretically calculatectovalents bonds and two three-center hypervalent
mechanism of the process is described above). On thmnds, so that the multiplicity of each (of the two)
basis of the temperature dependence of the rate of tivo-center interactions is somewhat higher than 2
disproportionation of CO, catalyzed by binuclear[15, 16]. The total energy of all the bonds is high, no
clusters of tetravalent molybdenum, the activatiorless that 600 kJ/mol; the azide anion is stable and
energy was estimated at 330 kJ/mol [5]. Although does not take part in redox reactions in agueous solu-
being approximate, experimentally estimatefl, tions in the absence of catalysts.
;ﬁéuggn%ree%erg; t|(r)1 ?ﬁ engglgr:]b(l?eézISO(TS;ISSI?J? mV\glt)h The reducti_on of the azide anion _by _borohydridt_'—:
This glves evidence for a practically crushing effectDlroceeds easily and fast under activation with bi-
nuclear dig-hydroxo clusters of trivalent molyb-
of the [Mdy O,(H,O)g]** cluster on the CO molecule, denum [2, 12], which contain a triples (+ 2x) M—M
leading to a dramatic (as a result of activation) de; b

crease in the activation barrier for disproportionation ggggtlsgdsgeegtgnt% ; I?gég? dfggg;i ;rge (rsncar:grﬁgnz-)
of carbon monoxide with its reduction to formal- 9 P

dehvde coordination of the Iyl anion to two Mo atoms in the
yde. u, position in the course of replacement of one

Formal kinetics methods and UV, IR, and X-rayYdroxo group

photoelectron spectroscopy were used to study the Il 4+
reduction of the azide anion to ammonia with boro- Ns Moz (OH)(HzO)el
hydride in aqueous solutions, catalyzed by binuclear —on ——> [Mo3 (OH)(N3)(H,0)g]*",
Scheme 2.
H H
N ey ey 2
/|\O/|\ |\N/|\
H [
N
1]
N \
HQ OH
\B/ +N§ K BO>
Vi T o |
/ \
DMogzaMoC N KO MO SNeC
IR§~ | BHy 7 | N7 |

intermolecular reduction of ]Nto =NH with N, libera-  hydrolysis of the resulting MaNH-Mo group with
tion, and simultaneous oxidation of both Mo atomsNH; liberation
from the trivalent to tetravalent state

[Mog'(OH)(Ng)(HZO)g]‘“W [MoY O(NH)(H,0)g]**, [Mo3 O(NH)(HzO)s]4+ 2=, [Mop' Ox(H,0)g]**,
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coordination of the borohydride anion to the My

group of the cluster [Mo3’O(OH)BH(OH)s(H20)g]*
N3 v 4+
[Mob O(H:0)g** 22 ™% MoV 0, BH(OH)s(H20)g]", —orr > Moz O(N3)BH(OH)3(H20)g] ™,

and reduction of both Mo atoms to the initial triva|entinterm0|eCU|ar two-electron transitions in the resulting
state via oxidation of the hydride hydrogen and returd€rnary complex with oxidation of the hydride hydro-
to the initial state of the cluster catalyst gen and reduction of Nto =NH with N, liberation
(limiting stage)
[Mo3" 0, BH(OH)3(H0)g]** "
[Moz" O(N)sBH(OH)a(H20)g] **

———— > [Moy' (OH)a(H0)gl**.

~H:0.-B0; — > [Moz O(NH)(H,0)g] **
-N,, -BO, ,
The same reaction also proceeds under activation —H", -H;0

by binuclear dip-oxo clusters of tetravalent molyb- , . .

dgnum 2, 13, 54] containing a double ¢ =) M—My and, flnally, hydr_onS|s' of the resulting M&NH-Mo
bond and possessing a somewhat lower electron-don@fPUP With NH; liberation and return of the cluster
ability. In this case, the main stages of the redox recatalyst to the initial state

action are (Scheme 3) preliminary coordination of the v 4+ H0 v 4+
borohydride anion to the M®, group of the cluster ~ [Mo2" O(NH)(H20)e]™ —F> [Mo2" Oa(H20)el™

and protonation of one of the bridging oxygen atoms

in this group PHOTOCATALYTIC DECOMPOSITION
\Y 4+ OF WATER ON CLUSTERS
[Mo3 Oz(H20)g]

v Electronically excited clusters are much more
[Mo5 O(OH) BH(OH)3(H,0)g]**, potent activators of coordinating molecules and thus
much more potent catalysts of corresponding reactions.
coordination of the [l anion on this group in th@, Such clusters possess stronger electron-donor (due to
position in the course of substitution of the hydroxothe appearance of electrons on vacant MOs with

BH(OH); , H*
e

group formed by protonation heightened energies) and electron-acceptor properties
Scheme 3.
| O Nj | O |vJ
Mo Mo’ Mo~ Mo”
M=\ M

v i N
/ 2§KK\[ 4 HO\/OH

con LI T
N ~\1t/ N4 /
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(due to the appearance of vacancies on occupied M@gometric structures of the clusters (many valdnt

with lowered energies). All this promotes correspondelectrons in MOs localized on MM bonds and ste-

ing electron transfers in complex KS, which arerically open form). Herewith, clusters able to secure
necessary for destabilization of molecule S coordimany-electron and multiquantum processes photo-
nated to the M group of the cluster. catalytically decompose coordinated water without
uxiliary electron donors and acceptors and without
dditional catalysts of formation of hydrogen and
xygen. The sorption of a cluster on a support inevi-

We have studied the photocatalytic decompositio
of water into gaseous hydrogen and oxygen (whos
formation was registered by mass spectrometry o

omegatron), activated by cluster complexes adsorbq\ably lifts degeneracy of many MOs, makes certain

. MOs closer in energy, and increases the number of
on Silochrom [17]. The adsorbed state favored S‘taallowed, first of all, low-energy transitions. Probably,

bilization of the clusters in the photochemical redox, . . .
process and spatial separation of simultaneo)L(ltg'S is one of the main reasons why support favors

elementary acts of hydrogen and oxygen formation. nhanced photocatalytic activity of clusters.
MODIFICATIONS OF HOMOGENEOUS
H,O —> H; + 1/20,. CLUSTER CATALYSIS OF REDOX REACTIONS

The spectral region of photocatalytic activity of OF SMALL MOLECULES

clusters ranging from 640 to 1000 nm is the most The electronic effects of activation of small mo-
interesting. The photocatalytic decomposition of watetecules by cluster complexes of transition metals and
in a wide spectral range at> 640 nm was observed the resulting favorable combinations-& (K is a

in the case of cluster complexes of heavy transitiorstrong or a weak donor, S is a strong or a weak
metals (molybdenum and rhenium) with the weak-acceptor) predetermine the existence of several
field ligands [MoClg*, ReCl, and, partly, modifications of homogeneous cluster redox catalysis.
[M0,0,(C,0,),(H,0),]. Their characteristic features

are as follows. Firstly, the clusters possess a large., strong -acceptor properties and with low ener-

b of aent sectons | Qs Jcalzed o1 1€ ges f LUNOS, such 5 CO and Nothe weak conor
respectively, which secures the possibility of effectiveab'“ty of many clusters will suffice. Activation of

interaction of these electrons with antibonding orbitalszgft?e;n%lf ﬁﬁfscﬁglﬁé r:“g.mg ?;ppiggld?egtrlj ri(;ng; ?t:f)s

of the H,O molecule on its coordination to a cluster. o ,
Secondly, the clusters are characterized by variou'gOd'f'Cat'on of cluster redox catalysis are the follow-

electron transitions in a wide spectral range. ThirdlyI g: (1) activation occurs as a result of coordination

the clusters possess a sterically open form whicﬁgtg}esﬁu(gs)t;?;i sri?iglr?%i)lri t?eftigr?grmegfgh?egxsatr?_r
allow the HO molecule to coordinate to that cluster yst P y

region where the electron density of the-M bonds gement in the inner coordination sphere of the cluster;

is concentrated. Of particular importance is that thes 3) eIIectrond trﬁ nS|t||ons occur in the tranlsmon

clusters containt even & electrons whose charge omplex, and the cluster activator acts as electron

density is spread beyond the limits of the., NM redistributor; (4) the degree of oxidation of atoms M
n 2

. PR in the cluster (the electron population of MOs
M) group. The regions of distribution of the and : .
d-electron density in these clusters are quite accessib calized on M-M bonds and the multiplicity of the

L . -M bonds in the transition complex are much de-
for coordinating the HO molecule or its fragments. creased) changes in the course of the catalytic act; and

Irradiation of samples (clusters [I\gﬁlg]"” and (5) the monomolecular stage of rearrangement and
Re,Cly, adsorbed on Silochrom in water vapor)xa¢  decomposition of the transition complex is often
640 nm led to fast decomposition of water into hyd-limiting:
rogen and oxygen (up to ¥0molecule/s for H). The

First modification. For activating small molecules

dependence of the rate of the photodecomposition of S + K— [SK]

H,O on the light intensity is essentially nonlinear: [SK] + R > [SKR]

d[N)/dt ~ I" atn = 4, which points to a multiquantum

character of the process. [SKR] — Pg + Py
All in all, the results obtained give evidence S+ R—> P + P

showing that 4- and Sl-element clusters with weak-

field ligands, adsorbed on SiQare effective catalysts ~ The activation of the CO molecule on its coordina-
of photodecomposition of water. The photocatalytiction to binuclear clusters of tetravalent molybdenum
process is essentially dependent on the electronic amelongs to this category.
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Second modificationFor activating small mole- K + R — [KR]
cules with weakz-acceptor properties and with higher,
than in the first case, energies of LUMO, such as N (KR + S [SKR]
N3, and CN, clusters possessing very strong donor [SKR] —> K + Pg + Py
properties are needed, with an especially low formal
valency of atoms M, with a large number of valeht S+ R— Ps+ Py

electrons in MM bonds, with highly multiple two- L _ _ o
MOs localized on MM bonds. The typical features of {0 binuclear clusters of tetravalent molybdenum

this modification of cluster redox catalysis are theP€longs to this category. The principal difference

following: (1) activation occurs as a result of oxi- between the third and second modifications is that the

dative addition of the substrate molecule to the clusteli’n"’lseI Cata.‘%t'?t rr]eactlon ": d.:]h?. th'tr)d thm(}dmcatlog
catalyst; (2) electron transitions occur in bimoleculal ' /O'VES simultaneéous coordination both of the sub-

limiting stages; (3) the catalytic role of the cluster iSstrate and the reducing reagent on the cluster catalyst,

to carry electrons from the reducing reagent to th whereas the catalytic process in the second modifica-

substrate; (4) the degree of oxidation of atoms M w?' on involves sufficiently isolated stages

the cluster increases in intermediate stages of the The above examples represent the main peculi-
catalytic process, while the electron population ofrities of the mechanism of the catalytic action of
MOs localized on MM bonds and the multiplicity of cluster complexes of transition metals in redox reac-
the latter decrease; and (5) the reducing reagent caudéns of small molecules, where the cluster activating

relaxation of the cluster catalyst to its initial state; ~ the reaction plays the role of electron redistributor or
carrier in oxidative, homolytic, or heterolytic addition

reactions.

The peculiarities of the energetic distribution of
valent electrons in clusters, the energies of their
vacant MO, and the spatial characteristics of the distri-
bution of charge density of valent electrons in cluster
L . . o complexes of transition metals predeteremine the high

The activation of the anion Non its coordination apijity of these complexes to activate molecules co-
to binuclear clusters of trivalent molybdenum belongg,dqinated to them [18, 19]. The presently available
to this category. evidence (both experimental and theoretical) almost

Third modification.A molecule with alow electron- always shows that it is cluster complexes that much
acceptor ability cannot be activated by a weakly donoptronger activate any coordinated molecule than cor-
cluster, but activation becomes possible when th&esponding (the same transition metal in the same
donor ability of the cluster is enhanced by complexPXidation state and with the same ligands) mononuc-
formation with a strong electron donor (reducinglear complexes. This is the so-called cluster effect.

agent). The typical features of this modification of 1he most important factors of the cluster effect are

: o i the following: (1) the presence of a large number of
cluster redox catalysis are the following: (1) activation ; . . ;
Y g: (1) valentd electrons of atoms M in MM interactions in

occurs as a result of heterolytic addition of the su the M. group (bonding regions in the Mn grou
strate molecule to a com'plex preliminary formed byt itablne for coordinating molecule S, low ?ormpa’l
the cluster and the reducing reagent (enhancement \59glence of atoms M); (2) significant electron-donor
donor properties Olf thg .cluiter actllv_ator), (2) electron, " “elactron-acceptor  abilities of frontier MOs
transitions are realized in the resulting tri : :

. _ g triple compleX5\o and LUMO) in cluster ML, contributed
and are purely mterm.olecular, _(3)_the catalytic role Ofmostly by valentd orbitals of atoms M and corres-
the cluster catalyst is to redistribute electrons (th‘foonding to the MM interaction in the cluster:
main unit is the MM bond system in the cluster); (4) (3) many-orbital, many-electron, multicenter (i.e.
the limiting stage is monomolecular and correspondgyolving many valent orbitals, electrons, and atoms)
to decomposition of the triple complex after its elec-character of bonds between the atoms M of cluster
tronic rearrangement; and (5) the degree of oxidatiom L. and molecule S coordinated to it and the
of atoms M in the cluster does not change in thesynergistic effect of two-sided transfers of valent
course of the process; neither the electron populatioglectron charges, inherent in thes@andr interactions;
of MOs localized on MM bonds, nor the multiplicity (4) variety of structural characteristics of clusters
of the latter change essentially: ML, which favors optimal coordination of molecule

S + K— Pg + K

R+ K™ — Py + K

S+ R—> P + Pg
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S; (5) special role ofl orbitals of atoms M as channels the M, group, is their ability to simultaneous coordi-
for electron transfer to a given (necessary for occupaiation and activation both of coordinated (S) and
tion) region of space on electronic interactions of theeagent (R) molecules with subsequent reaction
cluster with the coordinated molecule; (6) lifting of between these molecules in theoordination sphefe
symmetry forbiddenness for any subsequent reactioof the cluster complex.

involving the coordinated and activated molecule,
creating the most favorable, in terms of the rules of
conservation of orbital symmetry, conditions for such"
a reaction.

Cluster catalyst is a structurally nonrigid system
which undergoes an essential electronic rearrangement
in the course of the catalytic act. First of all, this is
change in characteristics of-M bonds until to their

The activation of molecule S on its coordination todisappearance; therewith, the complex preserves its
a cluster, occurs, as a rule, via electron density trangolynuclear structure due to bridging or polydentate
fer from occupied (often bonding) MOs of the clusterligands. The enhanced catalytic activity of cluster
(to be more exact, of its [Mgroup) to unoccupied complexes, as compared with corresponding mono-
antibonding orbitals of molecule S. In other words,nuclear complexes, in redox processes with two- or
molecule S is preferentially activated by such orbitaimore-electron transfers is underlied by the ability of
charge transfers that correspond to pumping electraciuster complexes to effect (because of the presence
density from the N group to antibonding MOs of of several atoms M) multicenter interactions with a
the coordinated molecule S. Further, the activation isoordinated molecule, thus facilitating many-electron
only slightly affected by the individuality of the processes.
cluster-forming transition metal. The activation
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